To assess the effects of shading by epiphytes on the carbon balance of the seagrass Posidonia oceanica, we examined the patterns of within-shoot epiphyte abundance on leaves, and their variability with season and depth. Epiphyte biomass was found to depend on leaf age (larger epiphyte load on older tissues), leaf side (more epiphytes on the inner face than on the outer) and depth (more epiphytes in deep meadows). Depth differences were maximum in spring and disappeared in late summer. Percent light absorbed (absorptance) by epiphytes was measured; light absorptance followed an exponential-saturated model with epiphyte biomass. Combining these data of percent light absorbed, within-shoot epiphyte biomass distribution and an existing carbon balance model, we conclude that reduction in carbon gains caused by epiphyte shading is relatively small, and greater in deep meadows (8.8% on average, with values up to 14.2% in May) than that in shallow water (4.7% on average with maximum values of 7% in August). This is mainly due to the accumulation of epiphytes on old tissues, which contribute only marginally to the carbon gain of the plant. Using the same procedure, we modelled the effects of a doubling in epiphyte biomass, conserving the observed within-shoot distribution. The result was a very small additional carbon loss. However, using the same biomass but modifying the distribution (shifting the same abundance towards younger leaf age classes), the reduction in carbon gains was dramatic, particularly in deep meadows (between 21% and 41%, depending on the shift used). Therefore, it is the epiphyte growth timing rate rather than the final biomass reached which seems to be a key control for Posidonia oceanica survival, especially near the deep limit of its distribution.
Introduction
Light is generally considered to be the primary environmental factor controlling photosynthesis, growth and depth distribution of seagrasses (Bulthuis 1983 , Dennison 1987 , Duarte 1991 . Light availability for seagrass leaves is dependent on abiotic factors such as weather conditions, sun-angle, sea surface roughness and water transparency, among others (Zimmerman et al. 1994 , Dunton 1994 , Herzka and Dunton 1998 , as well as on factors related to biotic interactions, among which selfshading and epiphyte overgrowth are the most relevant (Bulthuis and Woelkerling 1981 , Pé rez and Romero 1992 , Dalla Via et al. 1998 . Although other aspects of plantepiphyte interaction should not be discarded (e.g., interference in gas exchange, Sand-Jensen et al. 1985, or nutrient uptake, McRoy and Goering 1974) , the main effect of epiphytes on the seagrass is to decrease the light reaching the leaf surface. Epiphyte colonisation alters the light microenvironment through shading, thereby notably reducing light availability to the leaf surface (Sand-Jensen 1977 , Sand-Jensen et al. 1985 , Drake et al. 2003 . This effect has potentially relevant implications for photosynthesis and carbon gain and, therefore, for plant survival. Light reductions of up to 30-50% of the incident radiation caused by epiphytes on old leaves have been observed in some seagrasses (Zostera marina L.: Sand-Jensen 1977 , Mazzella and Alberte 1986 , Drake et al. 2003 ; Heterozostera tasmanica wMartens ex Aschers.x den Hartog: Bulthuis and Woelkerling 1983) . Under certain conditions (e.g., eutrophication), epiphyte cover may seriously affect plant vitality and cause seagrass decline (Orth and Moore 1983, Cambridge and McComb 1984) .
Posidonia oceanica (L.) Delile is the dominant seagrass in the Mediterranean sublittoral zone and it is distributed across a wide bathymetric range, from near the surface down to 15-45 m, depending on water turbidity. The long life span of P. oceanica leaves (more than 200 days, Romero 1989a) allows the development of a dense epiphytic community (Buia et al. 1989) , which can contribute up to 40% to the total biomass of P. oceanica canopies Ott 1984, Romero 1989b) . This seagrass seems to be currently undergoing a significant decline in some areas of the northwestern Mediterranean Sea (Marbà and Duarte 1996) , which might be due, at least in part, to the increasing turbidity of coastal waters or to the increasing epiphyte loading, both resulting from anthropogenic eutrophication (Guidetti and Fabiano 2000, Pergent et al. 1999 ). The sensitivity of P. oceanica to light reduction is crucial in the summer months, since high light availability allows high photosynthetic rates, which lead to carbohydrate storage for overwintering (Alcoverro et al. 2001) . During this period (late spring-summer), epiphyte cover on P. oceanica leaves reaches maximum values. This is caused by the interplay of several factors, including those related to the seasonal cycle of leaf growth, the solar cycle and consumption by herbivores (Casola et al. 1987 , Romero 1989b , Alcoverro et al. 1997 . However, the extent to which epiphytes interfere with carbon gain has been addressed only recently in a single seagrass species (Thalassia testudinum Banks ex Kö nig: Drake et al. 2003) , whose leaves are relatively short-lived (Hemminga and Duarte 2000) . Moreover, it is known that photosynthetic performances of leaves, and hence their relative contribution to carbon gains, are strongly dependent on leaf age, especially in species with long-lived leaves (Alcoverro et al. 1998) . Therefore, we hypothesised that, in such species, the final effect of epiphytes on carbon gains through shading would be determined by within-shoot epiphyte distribution, and tested this hypothesis in P. oceanica. This hypothesis, as far as we are aware, had never been addressed previously.
In this study, the interaction between Posidonia oceanica and its epiphytes was examined. In particular, through the examination of the seasonal and depth patterns of within-shoot epiphyte distribution, and through the evaluation of the shading effects of epiphytes and the resulting consequences on plant carbon gains we looked at the way in which shading by epiphytes interferes with carbon acquisition by the host plant.
Materials and methods
The study site chosen was a Posidonia oceanica meadow in the Medes Islands, a locality with a high epiphyte biomass as a result of a nearby river discharge (Alcoverro et al. 1997) . Sampling was performed at both a shallow (5 m) and a deeper site (13 m, close to the deep seagrass limit at this site, Alcoverro et al. 1995) and at three periods during 2000, which included, in principle, the onset of epiphyte biomass increase (March), maximum epiphyte biomass (end of May) and epiphyte biomass decrease (end of August). At each sampling event and site, ten P. oceanica shoots were collected by SCUBA divers and rinsed with running seawater. Five shoots were sorted into leaf segments, corresponding to four age classes (in days): 0-25 (A1), 25-50 (A2), 50-100 (A3) and 100-150 (A4), following the methodology described elsewhere (Alcoverro et al. 1998) . The length and width of each leaf class was measured, and epiphytes growing on the external side (facing the periphery of the leaf bundle) and internal side (facing the centre of the leaf bundle; see Dalla Via et al. 1998) were removed separately by scraping the surface with a razor blade. Leaves and epiphytes were weighed after desiccation (708C to constant weight). Shading by epiphytes on P. oceanica leaves was assessed with the remaining shoots for each sampling event; to this end, leaf portions (8 cm in length) with distinct epiphyte biomass were chosen. Leaves were gently patted with a tissue to remove water immediately before being placed in a dual beam scanning spectrophotometer. Measurements of leaf transmittance at 1 nm intervals between 400 and 700 nm (see Alcoverro et al. 1997 , Cebriá n et al. 1999 for details) were taken for each leaf portion before and after gently scraping away the epiphytes with a razor blade (Drake et al. 2003) . Each measurement was taken five times to account for epiphyte patchiness within each leaf. To evaluate extinction caused by epiphytes, transmittances at 430, at 665 nm and integrated transmittance between 400 and 700 nm were recorded.
Light absorption was expressed as absorptance (i.e., the fractional light absorbed by pigments), which was derived from absorbance (i.e., optical density, which reflects the logarithmic light absorption) using the following equation (Clayton 1973): yabsorbance Percent light absorbeds(1-10 )=100
Percent light shading by epiphytes was estimated as the difference between the fraction absorbed before and after epiphyte removal. Epiphytes and leaf portions were then weighed after desiccation (708C to constant weight).
To check whether not taking into account the reflectance of leaves and epiphytes could bias our results, we compared our data with those obtained by Drake et al. (2003) who used an integrating sphere. We transformed epiphyte dry weight to carbon units (average carbon content in the epiphytess20%, see Alcoverro et al. 1997) . Our results showed a strong linear relationship with those obtained using the integrating sphere (r 2 s0.93 for 430 nm and r 2 s0.95 for 665 nm). The line had a zero intercept (t-test for differences from y-intercepts0: ps0.37 and ps0.22 for 430 nm and 665 nm respectively), but the slope was slightly different from 1.0 (slopes0.94"0.09 and 0.88"0.07 for 430 nm and 665 nm, respectively, probability of error in rejecting the null hypothesis of slopes1.0, p-0.0001 in both cases). This indicates a slight underestimate of light absorptance by epiphytes (6-12% for the PAR spectrum) in this work; however, we consider that results are fully representative of the magnitude of the shading effect.
Differences in epiphyte biomass distribution between tissue age (4 levels), leaf side (2 levels), month (3 levels) and depth (2 levels) were assessed with a four-way ANO-VA with the four fixed variables (Underwood 1997) . Data were log-transformed to homogenise variances (after Cochran's C-test). When appropriate, Student NewmanKeuls (SNK) tests were used for a posteriori comparisons of the means.
Results
Epiphyte load was always higher in the oldest leaves and this effect was maximum in the deep meadows in May (see significant interaction between depth=tissue age=sampling time, Table 1, Figure 1 ). Epiphytes were more abundant on the internal than on the external side of the leaves (Figure 2, Table 1 ), and these differences were especially great in the most loaded leaves (i.e., the oldest, see significant interaction between tissue age and leaf side, Table 1), and in May (significant interaction between sampling time and leaf side, Table 1 ). 
Figure 2
Posidonia oceanica: distribution of the epiphyte biomass (average of the three sampling times and two depths) by tissue age and leaf side (external and internal). A1 corresponds to the youngest tissue, while A4 corresponds to the oldest. Points and bars represent the mean and standard error (ns6). SNK test for paired comparisons at p)0.05; *** p-0.001.
Absorptance by epiphytes increased with epiphyte biomass following an exponential saturation function (Figure 3) . After an initial rapid increment, light absorptance by epiphytes reached, in all cases, a maximum value of about 80% of incident light at biomasses higher than 3 mg dw cm y2 . This behaviour was well described by the following equations (Jassby and Platt 1976 ). No differences among curves obtained for 430, 665 and the range 400-700 can be detected.
Discussion
Epiphyte accretion is a cumulative process, as shown by the relation between leaf age and the epiphytes present, thus leading to a great variability in within-shoot epiphyte biomass distribution, particularly in species with long- (Jassby and Platt 1976, see text) . Each measurement was taken five times to account for epiphyte patchiness within each leaf. Points and bars represent the mean and standard error (ns5). lived leaves such as Posidonia oceanica (Wittmann et al. 1981 , Romero 1989a , Cebriá n et al. 1994 . Additional variability in within-shoot epiphyte biomass distribution is caused by the apparent preference of epiphytes for the internal side of the leaves. This finding, already reported in previous works (Dalla Via et al. 1998) , is probably the result either of particular species preference for this sheltered side, or of a higher probability of settling of propagules there. Season, and particularly, the interaction between season and depth (i.e., different seasonality between deep and shallow meadows) has also been demonstrated as an important factor in controlling epiphyte biomass accretion Ott 1984, Ballesteros 1987 ). The significant difference in epiphyte biomass at 5 and 13 m depths during May (Figure 1) suggests that either epiphyte species composition differed between depths, or that conditions at 13 m were more favourable to epiphyte growth. In fact, differences in epiphyte composition between shallow and deep Posidonia oceanica leaves in spring have already been pointed out, in this and nearby areas. Shallow meadows were characterised by phaeophycean species, such as Giraudia sphacelaroides Derbè s et Solier, Cladosiphon irregularis (Sauvageau) Kylin, C. cylindricus (Sauvageau) Kylin, among others (Ballesteros et al. 1984 , Ballesteros 1987 , while in deep meadows zooepiphytes dominated (basically the hydrozoan Sertularia perpusilla (Stechow) and the bryozoans Electra posidoniae (Gautier) and Fenestrulina joannae (Calvet); Ballesteros et al. 1984 , Ballesteros 1987 .
To investigate the shading effect of epiphytes on the carbon balance of the plant, we combined the data of light absorption by epiphytes with an available carbon balance model (Alcoverro et al. 2001) . This model takes into account seasonal changes in photosynthetic rates, as well as the different photosynthetic performances of the different leaf age classes. Thus, we computed net carbon gains for each leaf age-class (A1, A2, A3, A4), and for each leaf side (external or internal) at each depth (5 m and 13 m) and season, first considering that all the light was reaching the leaf surface, and then introducing the shading effects by epiphytes. Light reduction caused by epiphytes for each leaf age, side (external or internal) and period was estimated from the non-linear relationship between the epiphyte biomass and the shading effect observed in this work (see Results). Following the results obtained by this method, it can be concluded that light absorption by epiphytes can decrease light availability reaching the leaf surface by up to 80% in old leaves; however, we estimate that total shoot carbon gains decrease only moderately. In the deep meadow, this decrease was, on average 8.8%, relative to the estimated value obtained without epiphytes, with values up to 14.2% in May (Table 2 ). The reduction was even smaller in the shallow meadows (4.7% on average, with maximum values of 7% in August, Table 2 ). These observations can be explained by the fact that most epiphytes are concentrated in the oldest parts of the leaves, which only marginally contribute to the carbon gain by the seagrass (Alcoverro et al. 2001) . While it is likely that this 5% reduction in carbon gains will be irrelevant for plants living in shallow waters, the 10% decrease near the deep limit of the plant distribution could be critical for plant survival and growth (e.g., Ruiz and Romero 2001) . This suggests again that deeper seagrass meadows may be at more risk of deleterious effects of epiphyte loading if conditions alter. This is demonstrated when observing the percent of carbon loss among meadows and depths, confirming that May in deep meadows is also the month in which the major shading appears (14.2%), while April is the month in which the epiphytes from shallow meadows have the least effect (3.4% of carbon reduction, Table 2 ). The differences among these two depths were due not only to the higher epiphyte biomass in the deep meadow, but also to lower irradiance there and to the respective within-shoot biomass distribution.
To obtain an insight into the consequences of potential changes in (i) epiphyte load and (ii) within-shoot epiphyte distribution, we used the same procedure (data on epiphyte light absorption from this work combined with the carbon balance model). To simulate an increase in epiphyte biomass, we estimated the shading effects of biomass 1 to 3 times that measured in the field; to simulate changes in the within-shoot epiphyte distribution, we estimated the shading effects shifting the maximum epiphyte biomass to younger ages by 1 (50 days) and 2 (100 days) age classes. The results indicate that increases in epiphyte biomass (relative to that observed) did not result in clear decreases in carbon gains if the same within-shoot distribution was kept (Figure 4a ). In contrast, when the biomass distribution of epiphytes was shifted towards younger age classes, the estimated carbon gains decreased by 20-70%, depending on the shift and on the biomass (Figure 4b,c) .
Although some caution should be exercised with all of these estimates, especially because they do not include other possible interferences of epiphytes with leaf metabolism, it seems worthy of note that the effects of epiphytes on the seagrass would largely depend, at least in this species, on the time needed for propagules to settle and on the initial growth rates, rather than on the final epiphyte biomass reached. This aspect has to be considered in management plans for seagrass conservation, as well as for the use of epiphyte load as a biological indicator (Buzzelli et al. 2002) .
We conclude that, even if epiphytes can substantially reduce light reaching leaves, especially in the old blades, the shading only moderately decreases the total shoot carbon gains. However, although moderate, this decrease in carbon acquisition at the deep limit of the plant distribution can be critical for survival, particularly if within-shoot distribution of epiphytes is modified. Traditionally, the deep limit of seagrass distribution has been attributed to the light attenuation coefficient of the water column (Duarte 1991 ). However, this deep limit, for a given water turbidity, can be modified by epiphyte biomass and particularly by the epiphyte within-shoot distribution.
